Materials engineering plays vital role in Solid Oxide Fuel Cell (SOFC) technology. For example, engineered porous materials are needed to support delicate electrolyte membranes, where mechanical integrity and effective diffusivity to fuel gases is critical; and to construct fuel cell electrodes, where an optimum combination of ionic conductivity, electronic conductivity, porosity and catalyst distribution is critical. Material engineering also underpins selection of cell designs and material systems to minimise failure, particularly during transient operations such as thermal cycling. The paper will address these issues, making reference to high temperature (>900C) SOFCs for integration with gas turbines, and metal supported SOFCs designed to operate at temperatures of 500-600C.
integration with turbines in hybrid cycles for very high efficiency electricity production. Examples in which SOFCs may be used include decentralised electricity generation of 250 kWe to 30 MWe; off-grid applications of 1-25 kWe, and domestic CHP applications of 1-5 kWe. Intermediate Temperature SOFCs are also of interest for vehicle auxiliary power unit (APU) applications, operating on diesel or gasoline. Carbon monoxide is not a poison for SOFCs, meaning that a wide range of fuels can be used, together with a simpler, and therefore cheaper, fuel processor. It is also possible to recuperate heat from the fuel cell within the fuel reformer, improving system efficiency when compared to low temperature fuel cells when operating on hydrocarbon fuels.
The Role of Engineered Porous Materials in SOFCs
Porous materials play two key roles in SOFC technology. The first is that of transporting gases to/from the fuel cell electrodes. Porous ceramics are commonly used to provide the mechanical support for thin and delicate ceramic oxide electrolytes, in many cases these porous materials also play an important role in current collection on the anode or cathode side.
The second vital role of porous materials is within the fuel cell electrodes, be they anode or cathode. The electrodes play a vital role in minimising losses attributable to electrode kinetics, and in some cases mass transport. This is achieved by maximising the length of the so-called triple phase or three-phase boundary (TPB), a term describing the conjunction of a pore space, an ionically conducting phase, and an electronically conducting phase. In practice this is achieved by the use of porous composite electrode structures containing both ionically and electronically conducting materials.
Porous Support Materials for SOFCs: Depending upon the fuel cell design, porous support materials for SOFCs can be fabricated either from the anode material -i.e. a cermet of nickel and yttria stabilised zirconia such as that used by Versa Power [10] , the cathode material -generally strontium doped lanthanum manganite as used by Siemens Westinghouse [11] , an inert ceramic as used by Rolls Royce Fuel Cell Systems [12] , or a metal such as stainless steel as used by Ceres Power [13] [14] [15] . These materials are generally all characterised by a relatively coarse microstructure (particle size generally in the range of 1 to 20 µm) with porosity in the range of 30-40%. A key characteristic of all the support materials is that they provide the mechanical support for the delicate fuel cell electrolyte, meaning that the mechanical properties of the support are important. Fig.1 illustrates the support material of an anode supported design, showing the coarse support microstructure, with a finer electro-catalytically active anode region in contact with a thick film electrolyte. 
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The fabrication of mechanically robust support materials, resistant to thermal and/or oxidationreduction cycles, and which can withstand compression loading, or which can be sealed using glass ceramics to metallic interconnects and/or housings, remains one of the challenges facing many SOFC developers, and it is this that has in part driven recent interest in metal supported SOFC concepts [13] [14] [15] [16] [17] . All the ceramic based porous support materials are fabricated by either tape casting or calendaring in the case of planar geometries, or by extrusion in the case of tubular or boxsection geometries. Metal supported designs rely on either etched or laser drilled foils [13] [14] [15] , sintered metal supports [16] , or woven metal supports [17] . Support thickness ranges from 0.2 to 1.5 mm, depending upon the design and the developer, with metal supports tending to be thinner than those based on ceramic materials.
SOFC Electrodes: Much work has been devoted in recent years to developing the concept of the triple phase boundary as a means of understanding the complex interplay between particle size, pore size distribution, and ionic/electronic conductivity, in fuel cell electrodes. The total length of the triple phase boundary within a material is important as it is only at this region, where the electronically conducting phase, ionically conducting phase and contiguous pore space combine, that charge transfer reactions can proceed. This is illustrated schematically for the cathode and anode of a SOFC in Fig. 2 , in which it can be seen that the following processes are involved:
• Transport of electrons to/from the current collector to/from the reaction site through an electronically conducting phase, • Donation/acceptance of these electrons to/from a species adsorbed on the electrode surface from the gas phase • Transport of oxide ions to the electrolyte through an ionically conducting phase. It is therefore clear that it is our ability to both understand and control the complex interactions between microstructural parameters, electrical properties, and electrocatalytic activity that determines our ability to engineer optimum porous electrode structures.
A useful analytical simulation of porous composite SOFC electrodes, which takes into account electronic and ionic transport, mass transport within pores, and electrochemical reactions, has been reported by Costamagna et al [18] . The model incorporates a surface area parameter derived from the properties of binary powder mixtures, and effective conductivities derived from the characteristics of pure materials modified by percolation theory. The work showed that the volumetric composition of the electrode, coupled with the particle size, would be expected to
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strongly influence the electrode resistance, with the resistance reaching a minimum near the percolation limit of the electronic conducting phase. This supports experimental evidence where, for example, optimum electrode performance has been reported around the percolation threshold of the electronically conducting phase in Ni-YSZ anodes [19] [20] [21] .
SOFC cathodes are also porous composite structures, in this case a composite of an electrically conducting oxide and the oxide ion conducting electrolyte. Frequently the particle size used to fabricate SOFC cathodes is less than that used to fabricate SOFC anodes (of order 0.2 to 2 µm) together with a lower sinter temperature. It has been shown that, for composite SOFC cathodes, optimum performance occurs around the percolation threshold of the ionically conducting phase, for example in the case of strontium cobalt doped lanthanum ferrite-gadolinia doped ceria (LSCF-CGO) cathodes [22] . This study used effective medium percolation theory, modified to account for electrode porosity, to show that the optimum electrode composition was porosity dependent, varying from a CGO content around 50 vol% for an electrode of 30% porosity, to 36 vol% for an electrode of 50% porosity.
As previously highlighted, as well as influencing electrode activity and conductivity, the electrode structure also plays an important role in determining the mass transport characteristics within the electrode. Whilst the relatively low levels of oxygen depletion on the cathode side of the fuel cell mean that mass transport limitations in the cathode are generally not an issue, this is frequently not the case for the anode side of the fuel cell, where fuel depletion through the fuel cell stack means that mass transfer limitations are likely to be more prevalent.
Whilst the above discussion suggests some design rules for engineering SOFC electrodes in terms of porosity and particle size, another key aspect relates to the processing of such materials. For cost reasons, fabrication technologies are largely restricted to wet ceramic processing routes such as screen printing, slurry spraying or tape casting, coupled with high temperature sintering to achieve a robust adherent electrode. The temperature of sintering depends upon the material choice, but typically varies from around 1300-1400 o C for anode sintering, down to 1000-1200 o C for cathode sintering. These processes are frequently used to produce a bi-layer structure comprising an active fine grained active composite region some 10-20 µm thick, with a larger grained more porous current collecting region. Particle size is generally of the order of 0.2 to 5 µm, with a typical porosity in the range 30-45%. Several authors have also reported the fabrication of functionally graded cathodes, in which composition and/or pore structure is varied throughout the cathode. These structures have been produced by a variety of techniques including using screen printing [23] , slurry spraying/coating, [24] [25] [26] , and combustion chemical vapor deposition [27] .
Solid Oxide Fuel Cell Technologies
This section briefly introduces two of the leading SOFC programmes within the UK, both based around innovative materials engineering, namely high temperature SOFCs integrated with gas turbines at Rolls Royce Fuel Cell Systems, and reduced temperature metal supported SOFCs at Ceres Power.
The Rolls Royce Integrated Planar SOFC: The RR-IPSOFC design [12] is based around the use of an extruded box-section porous ceramic support, on the flat sides of which are screen printed a multiplicity of series connected thick film fuel cells. This design is specifically selected to mitigate materials engineering challenges with conventional tubular or planar designs, namely it avoids the use of glass ceramic seals necessary in high temperature planar designs, instead the flat-tube design of the RR-IPSOFC allows sealing at one-end, providing thermal expansion compliance. Unlike tubular SOFCs such as that pioneered by Siemens-Westinghouse [13] , the RR-IPSOFC can be manufactured using low cost manufacturing techniques. Well established SOFC materials are used for cell construction, based around thick film YSZ electrolytes, Ni-YSZ anode and doped lanthanum manganite cathodes.
Ceres Power Metal supported SOFC: It has been increasingly recognised by the Solid Oxide Fuel Cell (SOFC) community that, for SOFC systems not requiring integration with gas turbines, the stack operating temperature should be lowered as far as possible without compromising the electrode kinetics and internal resistance of the fuel cell. The lower operating temperature increases the range of materials that can be used to construct the device (including metals), increases material durability and overall product robustness, and crucially lowers cost. This has driven increasing interest in Intermediate Temperature Solid Oxide Fuel Cells (IT-SOFCs) operating at temperatures at or below 800ºC. Selection of the solid electrolyte for these IT-SOFCs depends on the chosen temperature of operation. To help this selection process it is useful to consider the following.
Assuming that the electrolyte component should not contribute more than 0.15 Ωcm 2 to the total cell area specific resistance, then for an electrolyte film thickness (L) of 15 µm the associated specific ionic conductivity (σ) value of the electrolyte should exceed 10 -2 Scm -1 . The ionic conductivity of the most commonly used SOFC electrolyte, yttria stabilised zirconia (YSZ) attains this target value above 700ºC, whilst the electrolyte used by Ceres Power, ceria gadolinia oxide (CGO), attains this conductivity at temperatures above 500ºC [28] , assuming that the electrolyte is manufactured in the form of a thick film some 10-30 µm thick. Therefore, the use of a CGO electrolyte allows the cell operating temperature to be lowered to around 500ºC, a temperature at which standard stainless steel can be used for many of the balance of plant components, and hence an operating condition which enables a significant reduction in both stack and balance of plant cost. A concern often expressed with regards to the use of CGO electrolytes in SOFCs is that, at elevated (> 600°C) temperatures, Ce 4+ ions can be reduced to Ce 3+ under the fuel rich conditions prevailing in the anode compartment. The resulting electronic conductivity (and deleterious lattice expansion) produces an internal short circuit in the PEN structure which can significantly degrade the efficiency and performance of cells incorporating ceria based electrolytes. However it has been shown [29, 30] that at temperatures < 600°C the reduction of Ce 4+ ions to Ce 3+ in the anode compartment is minimized, and can be neglected under typical cell operating conditions. This therefore defines an operating temperature window for SOFCs based on CGO of around 500-600°C.
The use of thick film electrolytes requires the electrolyte to be supported on an appropriate substrate. As the substrate is the principal structural component in these cells it is necessary to optimise the conflicting requirements of mechanical strength and gaseous permeability. Most development work on planar IT-SOFC systems has involved YSZ electrolyte thick films supported on anode (Ni-YSZ) substrates which allow electrolyte powders to be densified at temperatures around 1400ºC. The resultant cells and stacks operate with satisfactory power densities (0.3-0.5 W cm -2 ) in the temperature range 700-800°C using a ferritic stainless steel bi-polar plate material. However, the relatively thick porous composite anode support (1.0 +/-0.5 mm) can introduce problems in the operation of such stacks as this structural component is relatively weak mechanically, and can have difficulty withstanding the thermal and mechanical stresses generated by rapid temperature fluctuations, or the severe vibrations incurred when the stack is incorporated into systems used for mobile applications. Moreover Ni/NiO redox cycling induced by air diffusing into the anode compartment during loss of fuel supply and other operational excursions can disrupt the anode micro-structure, producing a severe degradation in performance.
An innovative approach to overcome these challenges, and thereby enhance the robustness of SOFCs, is the use of a metallic support, where the Ni-YSZ anode support is replaced by a metal (normally stainless steel), which improves thermal shock resistance, reduces temperature gradients due to the greater thermal conductivity of the metal, and enables conventional metal joining (e.g. welding) and forming techniques to be used. Several grades of ferritic stainless steel have been
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identified, and typical is the use of a Ti-Nb stabilised 17% Cr ferritic stainless steel (European designation: 1.4509). It is important to note that operating at 600°C imposes far less severe corrosion constraints on the steel than sustained operation at 750-800°C, as is the case for a typical anode-supported cell stack. Also importantly, the thermal expansion of CGO10 and the selected ferritic stainless steel are well matched, with values quoted in the range (12.5-12.8) x 10 -6 K -1 for both materials. The ceramic components of the cell are deposited as thick-films by conventional ceramic deposition technology. The anode is a nickel cermet, with the ceramic phase being cerium gadolinium oxide (CGO). The electrolyte layer is deposited over the anode as a thick film (10-30 µm) of CGO. Fully dense CGO electrolyte films can be produced at sinter temperatures below ~1000°C. This is a major technological breakthrough, as this temperature is unusually low for ceramics processing. The low firing temperature is crucial to protect the steel substrate from excessive oxidation. The cathode layer is deposited over the fired anode and electrolyte. Various cathode materials are being investigated, with a doped lanthanum ferrite (LSCF)/CGO composite being the present material of choice [31, 32] . Power densities over 04.W cm -2 at 570C have recently been reported, along with tolerance to thermal cycling [15] -technologically significant benefits arising from the careful selection and engineering of materials.
Conclusions
Materials engineering plays a key role in the development of solid oxide fuel cell technology. Through careful selection of materials, and control of microstructure, fuel cell structures can be engineered to maintain performance over the wide range of conditions experienced in operation. Two examples of commercial solid oxide fuel cell developments in the UK are given as exemplars of materials engineering in action.
